Abstract | Aging and a sedentary lifestyle conspire to reduce bone quantity and quality, decrease muscle mass and strength, and undermine postural stability, culminating in an elevated risk of skeletal fracture. Concurrently, a marked reduction in the available bone-marrow-derived population of mesenchymal stem cells (MSCs) jeopardizes the regenerative potential that is critical to recovery from musculoskeletal injury and disease. A potential way to combat the deterioration involves harnessing the sensitivity of bone to mechanical signals, which is crucial in defining, maintaining and recovering bone mass. To effectively utilize mechanical signals in the clinic as a non-drug-based intervention for osteoporosis, it is essential to identify the components of the mechanical challenge that are critical to the anabolic process. Large, intense challenges to the skeleton are generally presumed to be the most osteogenic, but brief exposure to mechanical signals of high frequency and extremely low intensity, several orders of magnitude below those that arise during strenuous activity, have been shown to provide a significant anabolic stimulus to bone. Along with positively influencing osteoblast and osteocyte activity, these low-magnitude mechanical signals bias MSC differentiation towards osteoblastogenesis and away from adipogenesis. Mechanical targeting of the bone marrow stem-cell pool might, therefore, represent a novel, drug-free means of slowing the age-related decline of the musculoskeletal system.
Introduction
Pressure, gravity, waves, temperature and electric and magnetic fields have been omnipresent physical signals since the beginning of time. Unsurprisingly, the ca pacity of biologic systems to adapt to physical signals is a common attribute for essentially all forms of life, [1] [2] [3] [4] and the cellular machinery responsible for sensing and responding to mechanical signals might be even more evolved than those processes that are regulated by complex macromolecules. After all, single-celled lifeforms from 3 billion years ago were constantly subjected to a range of physical challenges, and an organism's ability to persist, if not thrive, was largely based on its ability to accommodate, acclimate and adapt to changes in its physical environment.
Mammalian cells have conserved mechanosensory and mechanoresponse mechanisms, the aggregate of which provides an important regulatory component for the maintenance and repair of subcellular, cellular, tissue and organ systems throughout the organism's lifespan. 5 The adaptive capacity of musculoskeletal tissues provides clear evidence of the phenotypic impact of mechanical loading, a regulatory process that is further emphasized by the consequences of removing physical signals, as reflected by the rapid onset of osteopenia and sarcopenia.
Functional loading of the skeleton is critical to achieving and maintaining adequate bone quantity and quality. Physiologic levels of loading promote coordinated, sitespecific activation of osteoblast and osteoclast populations, and orchestrate focal modeling and remodeling of the bone tissue. This highly regulated, mechanically mediated, targeted bone turnover allows for adaptive changes and repair of damage in bone structure. Reductions in functional loading as a result of a lessactive lifestyle might manifest through metabolic (for example, obesity, diabetes), disease-induced (chronic bedrest), injury (paraplegia, cast immobilization), jobrelated (spaceflight) or natural (aging) means, culminating in a weakened bone structure that is more suscep tible to frank failure. The goals of this Review are to consider the types of mechanical load that are necessary to achieve and maintain skeletal quantity and quality as demonstrated by both animal and human studies, and describe the cell types and processes that are involved in regulating this response.
into the air. 8 Indeed, a range of site-specific benefits can be correlated to the special tasks of elite sportsmen and women trained over extended periods. 9 several prospectively designed trials indicate that new loading challenges can also induce focal accretions of bone mass. Intense exercise in young army recruits stimu lated increases in bone mineral density (BMD), 10 while a 10-month, high-impact strength-building regimen in children significantly increased femoral neck BMD. 11 Despite the apparent anabolic nature of the mechanical signal, moderate exercise regimens generally result in only modest, if any, increases in bone mass; for example, a 1-year high-resistance strength-training study in young women significantly increased muscle strength but failed to influence bone mass. 12 In parallel, it is also important to consider the role of a range of non mechanical issues, including genetic factors, 13 sex, 14 ethnicity, 15 age 16 and diet 17 in pronouncing-or suppressing-the ability of mechanical signals to drive bone formation. nevertheless, the inherent complexity of exercise-generated mechanical challenge to the skeleton indicates that some components of the load-bearing regimen might be more influential than others. equally important, before mechanical signals evolve into clinically effective interventions for the treatment of bone disease or repair, we must identify the cells and the molecular mechanisms by which mechanically derived signals control bone formation and resorption.
In trying to understand the biological basis of Wolff 's Law, some success has been realized by charac terizing the ability of the resident bone cell populations-osteoblasts, osteocytes and osteoclasts-to respond to physical signals. In addition, the mechanical sensitivity of the bone-marrow-derived stem-cell population and, in particular, mesenchymal stem cells (MsCs), has a marked influence on the bone, and fat, phenotype. 18 Importantly, the mechanical influence on stem-cell activity is critical not only to tissue health, but to the regenerative ca pacity of organ systems. For example, if the mechanical signals that arise from weight bearing disappear during long-term spaceflight and result in osteoporosis for an astronaut, the consequences of microgravity might be compounded if an injury were to occur (for example, hip fracture from a fall), as the progenitor cell population critical to bone repair might have collapsed in the absence of mechanical signals. 19 Therefore, inter ventions that are being designed to retain and/or reestablish a healthy, functional skeleton by targeting existing bone cells might also define the fate of the stem-cell niche, ensuring the capacity of these cells to proliferate and differen tiate to higher-order connective tissues.
Identifying anabolic mechanical signals

Bone homeostasis
The skeleton carries out a diverse range of functional, developmental and metabolic requirements: it functions as a protective cage for internal organs and a safe niche for marrow, facilitates locomotion, and is the principal reservoir of minerals. 20 The constant remodeling cycle of formation and resorption facilitates both the rapid repair of bone microdamage and the replacement of dead osteocytes, and orchestrates changes in mass and morphology to meet any changing demands of mechanical loads or metabolic need. In response to an increased mechanical demand (for example, during exercise), the balance in bone turnover favors anabolism (net formation) through osteoblast recruitment and activity, and enhances the strength of bone by adding matrix to resist new loading challenges. By contrast, decreased mechanical loading induces catabolism (resorption) by promoting osteoclastogenesis, while both bone formation and osteoblastogenesis are suppressed.
Load-driven adaptation of bone What types of loading influence bone remodeling? First, the load must be dynamic (time varying) to initiate an anabolic response; large static loads are known to induce bone loss similar to that which occurs through disuse. 21 Thus, astronauts should not expect Jupiter's gravitational pull (258% greater than that of the earth) to stimulate an anabolic response and reverse the osteoporosis caused by zero-gravity endured during prolonged spaceflight. Instead, to activate the mechanically driven adaptive response in bone, astronauts might have to struggle with exercise in this extreme gravitational pull even to maintain their bone mass. Conversely, even though the decreased gravitational pull of Mars (38% compared with that of earth) might be expected to accelerate bone loss, this environment might also allow exuberant and unconstrained dynamic activity, and thus promote bone formation. Wherever astronauts land, they will have to be active to maintain their skeletal strength and, as illustrated, it cannot be presumed that it is simply the load magnitude that drives the adaptive response. naturally, any dynamic loading has magnitude and frequency components, all of which result in a range of strains (deformations normalized to geometry) and strain rates in the bone matrix. 22 studies that have focused on the magnitude component of delivered strains show that these strains are efficient in inducing a tissue response directly, by matrix deformation, and indirectly, via the byproducts of strain, including fluid flow and streaming potentials. 23, 24 over the daily course of functional challenges, bone will be subjected to exceptionally few high-strain (2,000-3,000 microstrain), low-frequency (1-3 Hz, or cycles per second) events, but to a persistent barrage of low-strain REviEwS (<5 microstrain), high-frequency events (10-50 Hz), stemming from muscle contractions engaged to retain posture ( Figure 1) . 25 The occurrence of omnipresent, high-frequency, low-magnitude mechanical events in the axial and appendicular skeleton decreases in parallel with the sarcopenia of aging or disuse, 26 perhaps contributing to the etiology of the bone loss that correlates with the deterioration of muscle.
'Other than peak' adaptive signals At the level of the tissue, the potential of bone to adapt to changes in the mechanical loading environment is well documented. Animal models demonstrate that bone remodeling is sensitive to changes in strain magnitude, 27 the number of loading cycles, 28 the distribution of loading, 29 the rate of strain 30 and the rate of fluid stress, 31 and that the anabolic potential increases with the inclusion of rest periods between the mechanical events. 32 Functional loading parameters that correlate with signal intensity imply that a 'goal' of mechanical adaptation is to minimize tissue strain for a given load, while simultaneously minimizing tissue mass. Alternatively, bone cells might actually be responding to 'biologically relevant' parameters of the functional milieu that are not necessari ly linked to the magnitude of the signal. several biologic systems are tuned to perceive and respond to 'other than peak' exogenous signals, such as vision, hearing and touch. It is well accepted that too much loading will damage the bone, leading to failurejust as too much light, noise or pressure will overwhelm sight, hearing and touch. And although the skeleton's primary responsibility is structural in nature, its overall responsibilities are broader than first presumed, and include, even, a critical role of the acoustic sensory organ in elephants. 33 emphasizing this point, bone's adaptation to mechanical signals is nonlinear, such that it can be influenced by a very few high-magnitude strain events, or by many thousands of low-magnitude strain events ( Figure 2 ). 34 even extremely-low-magnitude bone strains, three orders of magnitude below peak strains generated during strenuous activity, can be anabolic to bone when induced at high frequencies, in essence mimicking the spectral content of muscle contractibility. 35 When considering the role of sarcopenia and diminished mechanical loading in the etiology of osteoporosis, 36 the decay of muscle-based signal components would also suppress mechanically based regulatory signals and contribute as much to bone loss as a reduction in the sensitivity of bone tissue to mechanical signals. 37, 38 Thus, the potential to improve bone quality and quantity using specific components of the complex mechanical signal as a 'surroga te' for strenuous exercise and signals lost with aging seems ▶ REviEwS feasible as a drug-free intervention against bone loss. Indeed, a mechanical strategy has unique advantages over pharma ceutical therapy, as mechanical signals are both self-targeted (maximum strain will occur in the weakest loci in the bone matrix) and self-optimizing (increased bone formation in the weak loci will reduce strain, and thus inherently reduce the signal). Although loading increases bone density and structural morphology in a normal healthy skeleton, exercise might not be as efficacious in preventing disuse-induced osteopenia or reversing bone density following loss. 39 Further, strenuous exercise, particularly in an already frail skeleton, might promote tissue microdamage or the fracture that the loading intervention was aimed to prevent. 40 In that sense, an exercise-based strategy that incorporates high-magnitude strains to induce bone formation might be risky for elderly or disabled patients whose bones are already prone to failure, a risk compounded by the already compromised regenerative potential of the bone marrow. 41 nevertheless, the identifica tion of specific mechanical signals that can be used as 'therapy' could still harness the sensitivity of bone to mechanical signals, and enable the omission of damage-inducing components of the load.
Low-magnitude mechanical signals
Results from animal studies and preliminary clinical studies suggest the feasibility of replacing the regulatory mechanical signals that decay as a function of aging or disuse with exogenously delivered mechanical stimulation. 42 The potential of using high-frequency, lowmagnitude mechanical stimulation (LMMs) to improve the quantity and quality of skeletal tissue in animal and human studies is briefly summarized below; however, it is worth bearing in mind that these signals might also be anabolic to skeletal muscle, 43 indicating that a 'mechanical strategy' might extend beyond bone to address frailty in the musculoskeletal system.
In a first 'proof-of-principle' assessment of LMMs, mature female sheep that were subjected to a 1-year treatment of brief (20 minutes per day), low-magnitude (0.3 g), high-frequency (30 Hz) mechanical signals attained 30% increases in the trabecular density and volume of the femur compared with controls, 35 paral leled by an increase in bone stiffness and strength (Figure 3) . 44 These studies provided evidence that extremely small strains (<10 microstrain), far below those generated during strenuous activity, 45 could readily serve as an abolic agents to bone.
LMMs has also been shown to slow the bone loss caused by disuse in adult female rats. 46 Following 1 month of disuse by hindlimb unloading, the proximal tibia showed bone formation had dropped to less than half that of age-matched controls. even 'disuse' animals allowed to bear weight on their hindlimbs for 10 minutes per day had a similar suppression of bone formation. By contrast, a daily 10-minute exposure to LMMs delivered by an oscillating platform (90 Hz, 0.25 g) restored bone formation to levels seen in age-matched, weight-bearing control animals. 46 is bone strain driving the response? That the deformation of the bone matrix generated in the tibia by LMMs was so small (<10 microstrain) yet these signals were both anabolic and anti-catabolic to bone suggested that tissue strain per se might not be the primary physical signal but might, instead, be masking the 'real' stimulus regulating bone cells. To examine whether bone strain was necessary to stimulate bone formation, adult mice were again hindlimb unloaded. While anesthetized and supine, the left hindlimbs of ex perimental mice were subjected to LMMs in the Using the turkey ulna model to determine the nonlinear interrelationship of cycle number and strain magnitude, bone mass can be maintained through a number of distinct strategies (line); bone is preserved with either four cycles per day of 2,000 microstrain, 100 cycles per day of 1,000 microstrain, or hundreds of thousands of cycles of signals of well below 10 microstrain (each represented as a star). 34 These data indicate that falling below this 'preferred strain history' would stimulate bone loss, while exceeding this interrelationship would stimulate bone gain. absence of weight-bearing by coupling the limb to an actuator that oscillated the limb back and forth at a high frequency (45 Hz). Trabecular bone in the proximal tibiae of these limbs showed significant increases in volume (17%) and stiffness (38%) compared with the contralateral control leg, 47 indicating that bone was sensitive to mechanically derived signals other than deformation (strain) of the bone matrix. These data suggest that, in addition to mechanical information being transduced to the cell through distortion of the matrix, 48 the cells in the bone can sense and respond to the acceleration and deceleration components of a motion in dependent of distortion of the surrounding tissue. 49 Mechanical suppression of fat production Considering the importance of exercise in stemming both osteoporosis and obesity, combined with the fact that MsCs are progenitors of both osteoblasts and adipo cytes (fat cells), as well as the anabolic response of the skeletal system to LMMs, it was hypothesized that mechanical signals anabolic to bone would invariably cause a parallel decrease in fat production. seven-week-old C57BL/6J mice on a normal chow diet were randomiz ed to undergo LMMs (90 Hz at 0.2 g for 15 minutes per day) or placebo treatment. 50 At 15 weeks, with no differences in food consumption between groups, in vivo CT scans showed that the abdominal fat volume of mice subjected to LMMs was 27% lower than that of controls (P <0.01). 51 Wet weights of visceral and subcutaneous fat deposits in LMMs mice were correspondingly lower. Furthermore, LMMs mice had a greater trabecular bone volume measured in the proximal tibia. Confirmed by fluorescent labeling and flow cytometry studies, 50 these data indicated that mechanical signals influence not only the resident bone cell (osteoblast/osteocyte) population, but also their progenitors, biasing MsC differentiation towards bone (osteoblastogenesis) and away from fat (adipogenesis).
In a follow-on test of this hypothesis, mice fed a highfat diet were subjected to LMMs or placebo treatment. 52 suppression of adiposity by the mechanical signals was accompanied by a 'mechanistic response' at the molecular level showing that LMMs significantly influenced MsC commitment to either an osteogenic (Runx2, a transcription factor central to osteoblastogenesis) or adipogenic (peroxisome proliferator-activated receptor [PPAR]γ, a transcription factor central to adipogenesis) fate. Runx2 expression was greater and PPARγ expression was decreased in mice that underwent LMMs compared with controls ( Figure 4) . The PPARγ transcription factor, when absent or present as a single copy, facilitates osteogenesis at least partly through enhanced canonical Wnt signaling, 53 ,54 a pathway critically important to MsC entry into the osteogenic lineage and expansion of the osteoprogenitor pool. 55 notably, LMMs treatment also resulted in a 46% increase in the size of the MsC pool (P <0.05). 52 These experiments, although not obviating a role for the osteoblast/osteocyte syncytium, provide evidence that bone marrow stem cells are capable of sensing exogenous mechanical signals and responding with an alteration in cell fate that ultimately influences both the bone and fat phenotype. Importantly, the inverse correlation of bone and fat pheno type has increasing support in the clinical literature. 56 Although controversial, and despite the presumption that conditions such as obesity will inherently protect the skeleton owing to increased loading events, data in humans evaluating bone-fat interactions indicate that an ever-increasing adipose burden comes at the cost of bone structure and increased risk of fracture. 57 
Orchestrating the anabolic response
In order to facilitate bone adaptation and healing, cells involved in inflammation, repair and remodeling must function with a high degree of temporal and spatial orchestration. osteoblasts stem from MsCs to produce and mineralize matrix before final differentiation into the entombed osteocyte. simultaneously, unnecessary or damaged tissues are continuously perforated by resorbing osteoclasts, a large multinucleated cell type (>20 μm) that matures from the hematopoietic lineage, the activity of which is also susceptible to mechanical signals. 58 This response is largely mediated through control of local expression of receptor activator of nuclear factor κB ligand and osteoprotegerin signaling by osteoblasts and stromal cells. 59 osteocytes are also ideally configured to perceive and orchestrate a modeling and/or remodeling response to mechanical signals. The fact that over 95% of the bone cells in the adult skeleton are osteocytes promotes consideration of their role in defining the mechanosensitivity of the skeleton. 60 osteocytes maintain a dense network of connectivity with other osteocytes and bone-lining cells through cytoplasmic extensions that radiate outward from the central vascular canal within canaliculi. This canalicular matrix might allow chemical, electrical and stress-generated fluid communication through the dense bone matrix, 61 and provide a means to 'amplify' even small signals by the very nature of its architecture. 62 Burger and colleagues 63 have shown that osteocytes are preferentially sensitive to shear strain over hydrostatic pressure, and that these mechanical signals can reduce the rate of osteocyte apoptosis, indicating the role of functional loading in the survival of these cells. 64 However, it is also clear that too much strain will induce microdamage in the matrix and exacerbate the death of cells adjacent to the damaged matrix. 65 This observation indicates the existence of a specific mechanical 'window' in which the strain signals would benefit the viability of the cell population, whereas too much, or too little, puts the cells in jeopardy. 66 Although bone matrix strains two orders of magnitude below those generated by strenous activity are anabolic to the tissue, 67 the means by which such low-magnitude mechanical strains cause bone formation is still not clear. The multi tude of functionally induced forces generated in the bone marrow cavity where the MsC population resides includes strain, pressure, fluid flow, electric potentials and acceleration. 68 The number of studies examining the therapeutic potential of MsCs has rapidly increased, 69 but only in the past 5 years has the idea that these cells are mechanically active emerged. 70 Indeed, in addition to the biochemical factors that might be capable of promoting stem-cell viability, mechanical signals are recognized to have key roles in defining the differentiation pathway and proliferative status of the stem-cell niche. 71 Departing from a matrix-deformation-dependent pathway of mechanotransduction, the sensitivity of the adaptive system of bone to the frequency of the signal points towards a more fundamental pathway by which mechanical signals might be recognized by cells. 72 The physical acceleration/deceleration of a cell during loading could represent a more generic signal that can transmit physical challenges by altering the relationship between the cytoskeleton, membrane, matrix and organelles. 73 As such, MsCs, as well as other cells throughout an organism, might be able to respond to low-magnitude mechanical signals in the absence of matrix deformation through induced motion of intracellular content. 48 Transducing mechanical signals identifying mechanoreceptors even the most strenuous activity will generate peaks of only 0.3% strain (3,000 microstrain) in loaded bones.
Perfectly coupled to the matrix, a 10-μm-long cell subjected to such a strain would cause deformations in the order of Angstroms, necessitating an exquisitely sensitive system to sense these subtle physical challenges. Alternatively, the mechanoreceptor machinery senses by-products of load, such as pressure or fluid shear on the apical membrane. Although there are examples in sensory organs of channels that are regulated by movement of mechanosensory bristles, or by tension waves, 74, 75 a unified model of proximal events inducing intracellular signal transduction in nonsensory tissues such as bone does not yet exist.
Ion channels
Ion channel activity in osteoblasts stimulated by stretch and/or strain of the membrane or by parathyroid hormone has been associated with elevated bone cell activity. 76, 77 Patch-clamp techniques have demonstrated the presence of at least three classes of mechanosensitive ion channels. 78 In limb bone cultures, gadolinium chloride, which blocks some stretch and/or shear-sensitive cation channels, blocked load-related increases in the release of prostacyclin and nitric oxide. 79 Integrins Membrane deformation and shear across the membrane, 80 as well as pressure transients, are transmitted to the cytoskeleton and ultimately to the cell-adhesion proteins that anchor the cell in place. 81 Both membrane-spanning integrins, which couple the cell to the extra cellular matrix, and a large number of adhesion-associated linker proteins, are potential molecular mechanotransducers. The architecture of the cyto skeleton, with its micro filamentous and microtubular networks that link adhesion receptors to the cell nucleus, might also be important in perceiving small deformations and directly transducing them to the nucleus. 4 Lipid rafts Cells possess a complex organizational structure that supports compartmentalization of signals within an equally complex plasma membrane that contains several phases of liquid-ordered and liquid-disordered lipid. 82 The organized lipid rafts might sense mechanical signals. In endothelial cells, shear stress causes signaling molecules to translocate to caveolar lipid rafts and, if ca veolae are disassembled, both proximal and downstream mechanical signals, including the mitogen-activated protein kinase pathway, are abrogated. 83 wnt-β-catenin signaling Mechanical loading, whether through tissue or substrate deformation or through fluid flow shear stress, is known to affect osteoblast and osteocyte function. 84 Although many of the responses of osteocytes are similar to those of their osteoblast progenitors, they are not entirely the same. An excellent example is the expression of the osteocyte-specific protein sclerostin, which binds to LDL-receptor-related protein 5/6 and antagonizes canoni cal Wnt signaling. 85 Mechanical loading seems to reduce sclerostin levels in bone, suggesting that mechanical regulation of bone mass must induce osteocytes to secrete less of this inhibitory protein. 86 In vitro experimentation with osteocyte-like cells also shows that pulsating fluid flow increases the expression of proteins that function in the canonical Wnt pathways. 87 As such, osteocytes have an important role in regulating bone mass and morphometry, and must not be overlooked.
As mentioned earlier, physical signals can promote MsC differentiation towards an osteoblastic phenotype through canonical Wnt-β-catenin signaling. not surprisingly, then, activation and nuclear trans location of β-catenin occurs in MsCs within minutes of the mechanical stimulus. 88 β-catenin activation requires that the strains somehow suppress the activity of glycogen synthase kinase-3β, allowing for an increase in the available β-catenin pool, thereby resulting in increased osteoblast differentiation and a greater commitment to the musculoskeletal system. 89 The critical role of β-catenin in early selection of the osteoprogenitor lineage and the ability of mechanical signals to activate cellular β-catenin beg the question of whether mechanical signals might influence osteoblast differentiation at very early stages. Primary marrow stem cells subjected to daily bouts of mechanical strain express bone lineage markers at double the rate of those devoid of deformation. 90 simultaneously influencing adipogenesis, although a progressive decrease in both active and total β-catenin accompanies adipogenic differentiation of MsCs, mechanical signals serve to stem such decreases. 91 Mechanical stimuli, via their effects on critical intra cellular pathways, have been shown to control differentiation of MsCs, resulting in profound effects on musculoskeletal and fat morphology. 50, 52, 71, 89 Clinical use of mechanical signals
Having outlined results indicating that bone is highly sensitive to mechanical signals, including low-magnitude mechanical signals, it is ultimately important to determine whether these signals can be used in the clinic to prevent or reduce the progression of osteoporosis. The costs of osteoporosis alone, a disease afflicting 50% of postmenopausal women, increasing the risk of bone fracture, are projected to exceed Us$250 billion within the next 50 years. 92 The notion that mechanical signals in general, and LMMs in particular, could serve as an anabolic agent in the clinic, and thus help to prevent osteopenia, was first tested in 64 postmenopausal women in a randomized, double-blind, placebo-controlled pilot study. 93 Thirty-two women underwent mechanical loading for two 10-minute periods per day, through floor-mounted devices that produced a 0.2 g mechanical stimulus at 30 Hz; the control group (n = 32) received inactive placebo devices. evaluating those in the highest quartile of compliance (86% compliant), the placebo group lost 2.13% in femoral neck BMD over the year, whereas the active cohort was associated with a gain of 0.04%, reflecting a 2.17% relative benefit of treatment (P = 0.06). In this high-compliance quartile, the spine of lighter women (<65 kg) exhibited a relative benefit from LMMs of 3.35% greater BMD (P = 0.009) over the year; whereas the group that was above average in compliance realized a 2.73% benefit (P = 0.02).
In a parallel study involving children with disabling conditions such as cerebral palsy (4-19 years, 10 children per group), it was hypothesized that LMMs (5 days per week, 10 minutes per day, 90 Hz, 0.3 g) would be able to substitute for the reduced functional loading in this cohort, and restore bone quantity in the weight-bearing skeleton.
94 After 6 months, the placebo group lost 11.9% of volumetric trabecular BMD in the proximal tibia, whereas the treatment group gained 6.3%, representing a 17.7% 'benefit' of treatment to BMD (P = 0.003).
In a third clinical trial, 48 young (16-21 years) women whose BMD was in the lowest quartile of that age group and who had already sustained a fracture were randomized to receive LMMs or serve as controls. 95 Following a 1-year trial and using an intention-to-treat analysis, increases in cancellous and cortical bone were 2.0% (P = 0.06) and 2.3% (P = 0.04) greater, respectively, in the experimental group (n = 24) compared with controls (n = 24). Interestingly, the cross-sectional area of paraspinous musculature was 4.9% greater in the experimental group versus controls (P <0.01). Gains in both muscle and bone strongly correlated to a thres hold in compliance, where the benefit of the intervention was realized once subjects used the device for at least 2 minutes per day, suggesting a biologic 'trigger' was activated, rather than a reparative response initiated by the need to repair damage. In this per-protocol analysis, women who used the device for at least 2 minutes per day (n = 18) showed a 2.9% increase in the cortical bone of the femur, 3.9% increase in the spine and 7.2% increase in the paraspinous musculature, compared with controls and poor compliers (n = 30; P <0.01 for all comparisons). Importantly, the morphologic responses measured in the clinic in both bone and muscle indicate the potential of mechanical signals in general to influence risk factors for osteoporosis beyond just bone mass.
of course, LMMs is not the only means of mechanically challenging the skeleton. Although high-magnitude (>10 g) whole body vibration has been used extensively in gyms and sports medicine clinics to build muscle mass, 96 these extreme signals, meant to mimic strenuous activity and work through tetanus of the musculature, have also been shown to slow bone loss that follows the menopause and osteopenia that accompanies bed rest. 97, 98 As with any other intervention, physical or chemical, extreme caution must be employed when using mechanical signals, to ensure that the benefits outweigh the possible consequences, particularly given the extensive research indicating that even brief exposure to high-magnitude vibration can promote circulatory disorders, low back pain, cartilage destruction, bone matrix failure, and even percussive injuries to the brain. 99 
Conclusions
The critical role of mechanical signals in the achievement and maintenance of bone quantity and quality is clear.
What is surprising, perhaps, is that these signals need neither be large nor endured over long periods of time to have a significant benefit on skeletal health. not only are these mechanical factors essential for preserving an effective structure in the intact skeleton, but they also have the potential for accelerating bone repair following injury, such as in fracture healing or osseointegration. 100, 101 In contrast to systemic pharmaceutical interventions, the advantages of a mechanically delivered strategy are manifold: mechanical signals are native to bone tissue, safe at low intensities, 102 incorporate all aspects of the remodeling cycle, and will ultimately induce pro duction of lamellar bone. 103 As mechanical signals influence tissues beyond the skeleton, including musculature, they might provide a more 'systems level' intervention for osteoporosis, fall risk, and the age-related decline of the musculoskeletal system. The widespread use of mechanical stimuli in the treatment of skeletal disorders will not be fully possible, however, until we achieve a better understanding of the physical and biologic mechanisms by which exquisitely small signals can markedly influence musculoskeletal physiology and phenotype. 58 Mechanical signals persist as a normal outcome of loading. These mechanical signals are present in the cranial, axial and appendicular skeleton, 104 and persist essentially at all times, including during passive actions such as standing and speaking. 25 Indeed, the sarco penia that parallels the aging process and, more specifically, the attenuation of the 20-50 Hz spectral content of muscle contraction, suggests that the absence of these signals could indicate the absence of a key regulatory stimulus to the bone tissue. Although osteopenia, to a certain extent, might arise through an age or diseaserelated diminished response of bone cells to mechanical stimuli, there might also be a decline in key regulatory signals caused by muscle wasting. Further complicating matters, deteriora tion of the regenerative pool of MsCs that occurs with aging and/or disuse will jeopardize the ability of the skeleton to protect itself. Ultimately, just as life began bathed in physical signals that helped define organismal function and morphology, perhaps physical signals can be used to mitigate the complications endured through life.
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